Are the neural circuits of the spinal cord organized into modules? And ifthese modules exist, how are they combined in order to generate complex motor behaviors? The results described here address these questions. Recent evidence derived by focal microstimulation of the frog's spinal cord (1, 2) has revealed that the lumbar gray matter contains a number of circuits that are organized to produce muscle synergies. Whenever different circuits are activated, they produce precisely balanced contractions in different groups of muscles. The mechanical consequence of these balanced contractions is a force that may be measured at the ankle and that directs the leg toward an equilibrium point in space. Because of the changes in joint angles and in muscle lever-arms at different locations of the leg's workspace, the amplitude and direction of this force depend upon the position of the leg. Neural and biomechanical factors cooperate in the determination of a vector field that captures the dependence of the force upon the leg location.
the spinal cord are organized Into a number of distinct functional modules. We have investigated the rule that governs the coactivation of two such modules. To this end, we have developed an experimental p dm that involves the simultaneous stimulation oftwo sites in the frog's spinal cord and the quantitative comparison of the resulting mechanical response with the summation of the responses obtnd from the stimulation ofeach site. We found that the simultaneousmulation oftwo sites leads to the vector summation ofthe endpoint forces generated by each site separately. This linear behavior is quite remarkable and provides strong support to the view that the central nervous system may generate a wide repertoire ofmotor behaviors through the vectorial superposition of a few motor primitives stored within the neural circuits In the spinal cord.
Are the neural circuits of the spinal cord organized into modules? And ifthese modules exist, how are they combined in order to generate complex motor behaviors? The results described here address these questions.
Recent evidence derived by focal microstimulation of the frog's spinal cord (1, 2) has revealed that the lumbar gray matter contains a number of circuits that are organized to produce muscle synergies. Whenever different circuits are activated, they produce precisely balanced contractions in different groups of muscles. The mechanical consequence of these balanced contractions is a force that may be measured at the ankle and that directs the leg toward an equilibrium point in space. Because of the changes in joint angles and in muscle lever-arms at different locations of the leg's workspace, the amplitude and direction of this force depend upon the position of the leg. Neural and biomechanical factors cooperate in the determination of a vector field that captures the dependence of the force upon the leg location.
Preliminary observations by Bizzi et al. (1) indicated that the simultaneous activation of two distinct spinal sites generates a field of forces proportional to the vector sum of the fields induced by the separate stimulation of each site. These preliminary observations have led to the formulation ofa new framework of how the central nervous system may control motor behavior (3) (4) (5) The relevance of such an approach to motor control rests in part upon the assumption that the outputs of the control modules may be combined in a linear way. In this paper, we have addressed this specific issue in experimental terms. Our findings suggest that indeed, linear vector summation is a quite consistent and robust property associated with the activation of muscles and of regions of the spinal cord. This result is unexpected because of the complex nonlinearities that characterize the redundant kinematics of the limbs, the interactions among neurons, and the interactions between neurons and muscles. Nonredunant and Redundant Leg K tics. We connected the force transducer to the frog's leg in two different configurations. In the "nonredundant" configuration, the leg was attached to the transducer immediately above the ankle.
METHODS
In this configuration, the angles of hip and knee joints were fixed for any location of the transducer in the x-y plane.
In the "redundant" configuration, the sensor was attached to the foot by means of a low-friction gimbal arrangement, which allowed free rotation of the foot about three intersecting axes of rotation. With this redundant configuration, the joint angles of the leg could assume different values at any location of the sensor on the x-y plane.
Force Field Reconstruction. Active and resting forces. At each ankle location, x, and at each instant of time, t, the net force vector, F(x, t), obtained in response to a stimulation was expressed as the sum oftwo components-the "resting" force vector, Fo(x), and the "active" force vector, FA(X, t):
F(x, t) = Fo(x) + FA(X, t). At a single stimulation site and at a given instant of time (with respect to the onset of the stimulation), the force vectors measured at the different locations of the ankle in the workspace were considered to be samples of a continuous force field. We used the measured force vectors to estimate the force field across a broad convex region of the ankle's workspace. To this end, we implemented a piecewise, linear interpolation procedure (6) . This procedure partitions the workspace into nonoverlapping triangles, as close to equilateral as possible. The vertices of each triangle were the tested grid points.
Within each triangle, the force components were given as:
Fy =a2,1x+ a2,2Y+ a2,3.
The six parameters, aU, were estimated by requiring that the terms Fx and Fy, calculated from the above expression, be equal to the measured force components at the corner ofeach triangle. Hence, for each triangle, there was a particular set of interpolating parameters, aij. We applied the above interpolation procedure to the force vectors collected at any given latency from the onset of the stimulus. Equilibrium Point and Virtual Trajectory. By definition, the equilibrium point of a force field is a location at which all components of the force vanish. The presence of an equilibrium point was tested for by searching-within each interpolating triangle-for a location, (xo, yo), at which Fx and Fy were both zero. The temporal sequence of static equilibrium points associated with a single stimulation site is called a "virtual trajectory" (7 [1] where s E R is a scaling coefficient to be determined by least squares (see below). The vector-summation hypothesis in its strongest form requires that s = 1.
The Winner-Take-AU Hypothesis. We considered an alternative to the vector summation-the "winner-take-all" hypothesis-which predicts that the outcome ofa costimulation overlaps with one of the evoked fields (see refs. 4 and 5.)
More rigorously, the winner-take-all hypothesis is equivalent to stating:
We determined the scaling coefficient, s, and the "winner" field by minimizing the square norm of the error between the costimulation field and sFAi and sFA2. Then we chose the solution that yielded the least error.
Analysis of Similarity. Our analysis depends upon a quantitative measure of similarity between two sampled vector fields, such as the costimulation field and the field on the right side of Eq. 1. To derive such a measure, we have defined an inner-product operation between two sampled vector fields.
Let {FA(X,)} and {FB(X,)} denote two collections of force vectors sampled at N locations, X1, X2, . . , XN. We define the inner product, (FA, FB), between these two sampled fields as: [3] where "-" stands for the ordinary inner product of two Cartesian vectors.
Next, we define the norm of a sampled field, F, as: [4] and the "cosine" ofthe angle between two sampled fields, FA and FB, as:
cos(FA, FB) = IIFAlIIIIFBII' [5] Note that -1 S cos(FA, FB ics. Our first experimental goal was to establish whether deviation from perfect similarity between sum and costimulation fields could be attributed to random fluctuations in our experimental conditions. To this end, we tested our technique in a situation where the summation property was presumed to hold exactly: the direct costimulation of two muscles in a nonredundant configuration.
Giszter et aL (2) and Gandolfo and Mussa-Ivaldi (8) showed that on the basis of theoretical considerations, the activation of two independent mechanical actuators in a nonredundant condition leads exactly to the vector summation ofthe forces generated by each actuator. In these tests, we found that the similarity between sum and costimulation fields ranged between 0.901 and 0.998. The fields corresponding to the lowest similarity value are shown in Fig. 1 is, a mapping, ) ,,,, from q to T: T = ),,,(q). As we are dealing with configuration space-the space of all independent degrees of freedom-and with a set of independent muscles, this mapping follows the rule ofvector summationLet us now consider the corresponding fields of endpoint forces. Each of the above muscle fields can indeed be observed by activating a muscle and measuring the endpoint force vector, F = (F., Fy), at a number of locations in the x, y plane. Let Fm(r), F,(r) and F,(r) stand for the endpoint force fields obtained by activating, respectively, muscle m, muscle n, and both of them simultaneously. Can one state that F,(r) = Fm(r) + F,(r)? [8] The answer is no. Because of the kinematic redundancy, the same location, r, in the above expression will eventually correspond to three differentjoint configurations, qm, q., and q,. Therefore, we are now in the case described by the inequality (Eq. 7) rather than by the Eq 0cf(q) = 4m(q) + 0.(q) [6] 4,x(q) # 4)m(q') + 0.(q").
[71 Summation of Fields Evoked by Mlcrostimulation of the Spinal Cord. Once we established that the force fields of muscles add vectorially, we investigated the summation properties ofthe fields obtained from the microstimulation of the lumbar gray matter. As detailed in the Methods section, we placed two microstimulating electrodes in two distinct sites of the spinal cord. The separation between the two electrodes along the rostro-caudal direction ranged between 1 and 10 mm.
We compared the field obtained by simultaneous activation of two spinal sites against two hypotheses: the vectorsummation hypothesis and the winner-take-all hypothesis. We tested each hypothesis by comparing the predicted field with the costimulation field. The hypothesis was considered to be consistent with the costimulation whenever the coefficient ofsimilarity was >0.9. Over a total of41 costimulation experiments, we found that the summation hypothesis was adequate to describe the costimulation field in 87.8% of the cases (36 of 41). In all of these cases, the similarity between the costimulation field and the summation field (1) was >0.9 ( Fig. 3 Left) . The average similarity across the entire data set was 0.938 ± 0.045, and the average scaling coefficient, c, was 1.077 ± 0.391, which is not significantly different from 1 at a = 0.2 (t = 1.230).
We found the winner-take-all hypotheses to be consistent with the costimulation in 58.5% of cases (24 of 41). The average similarity between the winner-take-all field and the costimulation field was 0.905 ± 0.068. It is worth noting that in 53.7% of cases compatible with one or the other hypothesis, the summation and the winner-take-all hypotheses were both acceptable (i.e., they generated a similarity coefficient with the costimulation field larger than 0.9). However, in the vast majority of cases (80.5%; 33 of 41), the summation hypothesis provided a better fit for the costimulation field than the winner-take-all hypothesis. An example of a costimulation whose result was consistent with the winnertake-all hypothesis but not with the summation hypothesis is shown in Fig. 3 Right.
From these observations, we conclude that vector summation is clearly the prevalent combination mechanism implemented by the premotor circuitry in the frog's spinal cord.
Tempoal Aspects. What are the implications of the superposition principle for the net field offorces acting upon a limb? To answer this question, we have reconstructed the total force fields, as described in the section on "Summation," from the active field and the resting field measured in a number of costimulation experiments. A typical result ofthis reconstruction is shown in Fig. 4 . Each of the panels in this figure shows a trajectory of equilibrium points, starting from the location indicated by a filled circle. The trajectory is superimposed on the total force field corresponding to the final equilibrium point. Neurobiology: Mussa-lvaldi et aL complex and nonlinear "blending" of the trajectories. In the case of Fig. 4 , we see that the combination leads to a loop in the endpoint equilibrium path.
DISCUSSION
The most important finding of this investigation is that the simultaneous stimulation of two premotor sites in the frog's spinal cord leads to the vector summation of the endpoint forces generated by each site separately. This finding was surprising, since we expected a number of nonlinear factors to intervene between the microstimulation and the recording of the elicited forces.
The idea that multijoint motor behavior may be organized by the central nervous system through the vectorial summation of independent elements has been pioneered by Georgopoulos et al. (9) . These investigators suggested that individual motor cortical neurons specify a desired direction of the hand in space. According to their view, the net movement corresponding to a pattern of neural activation in the motor cortex is the vectorial sum of these individual tendencies. In our work, we have presented evidence in favor of a similar vector-summation mechanism. However, we have chosen to characterize behaviors not as positions or directions of movements, but as fields of forces over a limb's workspace.
With respect to microstimulation of the cord, the linear combination of the motor outputs generated by different spinal regions has some major functional implications for the learning and representation of motor behaviors. Most notably, linearity establishes that if a system learns to generate a set of different outputs, then the same system is also capable ofgenerating the entire linear span of these outputs. Another intriguing consequence of linearity is that the controlling system does not need information about the internal structure of the controlled system in order to generate the entire range of possible behaviors.
A possible (and intuitive) choice for representing a reaching movement appears to be the final position of a limb or a temporal sequence of limb positions, that is a trajectory. We would like to emphasize that the vectorial summation ofthese vector fields is not consistent with the summation of the corresponding equilibrium postures. The vectorial summation of two fields with two different equilibrium points leads to a third field whose equilibrium is at an intermediate location. In particular, consider two linear force fields FA(X) and FB(X) with equilibria at XA and XB, respectively: FA(X) = KA(X -XA)
FB(x) = KB(X -XB)
In this simple case, the sum field, FI(x) = FA(X) + FB(X), has the equilibrium point at X7 = (KA + KB)'*(KA XA + KB XB).
This location is the weighted sum ofXA andxB. Interestingly, a weighted averaging mechanism has been suggested by Lee et al. (10) to account for experimental observations of saccadic eye movements following the reversible deactivation of small areas in the superior colliculus. Following our approach, the weighted averaging that Lee et al. attribute to a more complex computational scheme can be directly obtained by assuming the vector summation of the force fields generated by the extraocular muscles. A problematic issue arising from our investigations is that a force field is not sufficient to predict the trajectory that the limb will follow. A force field merely indicates what is the force that muscle will generate at each workspace location. The movement of the limb will result from the interactions of these forces with the inertia and the viscosity of the limb as well as the other dynamical factors. However, some of the features ofan endpoint field can be directly related to motion. For example, the center of a convergent pattern of forces is an attractor point that will eventually correspond to a stable posture of the limb. In contrast, a divergent pattern offorces defines a repulsive region that the limb will tend to avoid. This work is supported by the Office of Naval Research (N00014/ 88/K/0372) and the National Institutes of Health AR26710 and NS09343.
